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Abstract 
Pocketing operations are common in automotive and aerospace industry. An efficient operation in terms of cost and quality 
requires the selection of an adequate strategy: tool-path, cutting speed, rpm etc. Two methods help in this task, numerical 
simulations and experimental measures. This work explains how to compare planar pocketing tool-paths by measuring the 
milling table acceleration. An experimental setup with a tri-axial accelerometer glued to the milling table, an open-source 
acquisition card programed in C language, and a post processing procedure (calibration plus filter) are the main components of 
the proposed method. Three pocketing strategies (zig-zag, contour, spiral) are performed to understand the comparison 
methodology. The proposed solution has an easier implementation and it is cheaper than dynamometer systems, whereas it 
provides similar information. Note that this is an initial study and further tests are needed to demonstrate its potential. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Universidad de Zaragoza, Dpto Ing Diseño y Fabricacion. 
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1. Introduction 
According to the number of industrial applications, the milling process is one of the main metal-cutting 
operations. Because more than 80 % of milled components are manufactured via 2½D milling machines (Held, 
1991), planar pocketing operation (Fig. 1) is an interesting research issue. 
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The quality of a pocket depends on the election of materials, cutting variables and tool paths(Rai 
&  Xirouchakis, 2008, Heo, Merdol & Altintas, 2010). Inadequate milling strategies lead to wrong dimensional 
tolerances, deficient surface quality, and have consequences in the productivity because their influence in cutting 
time (Mokhtar et al., 2012), tool-wear(Toh, 2004), and energy consumption. 
Cutting time and force are the main evaluation criteria to select a suitable pocketing strategy. Some authors 
likeMokhtar et al.(2012),orKim &  Choi(2002) consider time, which it is directly related with the operation 
efficiency, the way to compare the classical pocketing strategies (contour and direction-parallel). When the 
dynamic has an important influence in the process, tool paths are also compared by force measures(Rauch, Duc & 
Hascoet, 2009). 
Time is easy to measure, but to evaluate the dynamics, scholars typically employ dynamometers. High force 
values come from an inadequate cutting plan, and they affect the part quality and tool wear. Although 
dynamometers are the most common systems to measure machining forces (Albrecht et al., 2005), they have two 
main drawbacks: its price (around 25000 €), and its set up that can bother the operation(Jeong &  Cho, 2002). 
Instead of a comparison through dynamometer measures, this work proposes a system based on a capacitive 
accelerometer. It is known the accelerometer application to indirectly measure of the chatter in machining 
operations(Teti et al., 2010), and also to evaluate tool-wear(Suprock, Roth & Downey, 2007), but to the authors’ 
knowledge it is not used to compare strategies. 
The acceleration profile of the milling table provides similar information to the cutting force one. The proposed 
solution is cheap, easy to implement, and with further work it could be applied to industrial environments. 
Furthermore, it does not disturb the operation. The system validation is performed via several experiments where 
accelerometer measures come face-to-face with the dynamometer ones. 
The paper is organized as follows: the proposed comparative procedure is explained in Section 2, whereas 
Section 3 includes a detailed description about the system and its set up. The accelerometer measures are compared 
with a dynamometer in order to validate the solution; results and main conclusions are drawn in Section 4 and 5 
respectively. 
 
2. Comparison Method 
Different tool paths have different acceleration profiles, so that it helps to rate different strategies through its 
profile shape, and its medium value. An accelerometer is glued to the milling table, and takes measures of the table 
movements while different pockets are machined. After that, the acceleration module profile of each strategy is 
drawn, and its medium value is computed. 
End mill
Planar pocket
Fig. 1. Scheme of a planar pocket operation. 
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Fig. 2. Typical feed drive system plus proposed measurement setup, and x-axis dynamics. 
Note that the acceleration of a milling table is related with the operation cutting forces. Fig. 2portrays the 
relation between the inertial forces ma, the force applied by the nut to the table Fm, the cutting force on the plane x-
y; F, and the friction one on the table Ff(Jeong &  Cho, 2002): 
   (1) 
According to Equation (1), the module of the acceleration is: 
   (2) 
It is usual to define a constant feed rate. In theory it means that acceleration should be zero, and because of 
Equation (2), the motor force Fm should be equivalent to the disturbance forces F+Ff. Real operations show non 
zero accelerations, for example when the tool-path finds discontinuities like corners that change the cutting width. 
An acceleration variation means that while the motor provides a force to maintain the feed rate close to be 
constant, the disturbance forces change at the tool-path discontinuities. Hence acceleration points out when the 
operation can find problems because of cutting width changes. These changes modify the cutting forces, and 
therefore the equilibrium between forces (Equation 2), so that they are detected by acceleration variations. 
3. Measurement system implementation 
This section is devoted to the real realization of the comparison system based on acceleration measures (Section 
2). Fig. 3shows a scheme of the system whose main components are briefly described in the following sub-
sections. 
3.1. Accelerometer 
There are several commercial accelerometers available. Although a bi-axial sensor is enough to evaluate planar 
pockets, a capacitive tri-axial sensor (model ADXL335 ±3g) has been used because it is cheap and the z-axis 
information will help to extend the procedure to more complex operations. Table 1 shows the main characteristics 
of the sensor employed. 
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Fig. 3. Measurement system. 
Table 1. Sensor ADXL335 main characteristics. 
Characteristic Typical value Unit 
Range ±3 g 
Sensitivity 300 mV/g 
Zero g 1.5 V 
Bandwidth 
1600 (x, y-axis) 
550 (z-axe) 
Hz 
Operating voltage range 1.8-3.6 V 
3.2. Data acquisition system 
An electronic acquisition card helps to capture and send the measures to a PC. It is possible to construct the card 
or to use a commercial one. Another chance is an in-between solution; buy the hardware and program its 
configuration. In this work the acquisition is performed with an open source card model Arduino-One 
(www.arduino.com). 
The previous card is cheap, it has pins to connect the accelerometer signals, it can be linked to a PC via USB 
(Universal Serial Bus), and it is simple to configure using C language. The configuration consists in the definition 
of an acquisition frequency.This frequency should be chosen according the feed rate of the process. Fig. 4shows 
the C program used to define the acquisition frequency, and to export data in CSV (Comma Separated Values) 
format. 
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%Axis definition
#define xPin 3
#define yPin 2
#define zPin 1
int x = 0;
int y = 0;
int z = 0;
byte serialByte;
%Sensor starts when you press “E”
void setup() { Serial.begin(9600);}
void loop() { while (Serial.available()>0){serialByte=Serial.read();
if (serialByte=='E'){while(1){
x = analogRead(xPin); y = analogRead(yPin); z = analogRead(zPin);
% written measures in CSV format with frequency “50 Hz”,
% and stop the measurement process pressing “F”
Serial.print(x); Serial.print(", ");
Serial.println(y); //Serial.print(", ");
//Serial.print(z); //Serial.print(", ");
delay(50); %Acquisition frequency definition (50 Hz)
if (Serial.available()>0){ serialByte=Serial.read();if (serialByte=='F') break;}}}}}
Fig. 4. Data acquisition C program. 
3.3. Signal processing 
Main reasons to implement this stage: 
 The acquisition stage output is a voltage signal. In order to obtain accelerations, the system has to be calibrated. 
A linear relation between each acceleration component ai (i = x, y) and voltage vi has been determined using a 
simple static calibration: 
  (3) 
vi,0 : measured voltage when the milling table is stopped, and g: gravity constant. 
 The comparison is based on the acceleration module and not in the acceleration components ax, ay: 
  (4) 
 The signal provided by the system presents noise because of the vibration of the table during the operation. 
To eliminate signal noise, a moving average filter has been programed in Mathematica 8. It divides the measure 
list in sets of n data and computes the average acceleration value of each set. Therefore this filter reduces the size 
of the data vector and eliminates high frequency noise. The same simple filter has been used to reduce the noise in 
the measured forces. 
Finally, the authors have implemented post-processing functions in Mathematica to represent graphically the 
filtered measures.Fig. 5 shows an example of the measured acceleration ax, ay, the acceleration module profile, and 
the filtered signal. 
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Fig. 5. Example of processed measures. 
4. Examples 
In order to validate the presented comparison technique, several tests have been prepared. The experimental 
setup is described in the previous Fig. 2 and 3. The following bullets enumerate its main components and the 
cutting conditions employed in all samples: 
 Dynamometer Kistler 9257B. 
 Accelerometer system (Section 3, Fig. 3). 
 Milling machine Odisea 2½D. 
 Workpiece material: UNS A96063-T5. 
 Cutting conditions: Feed-rate 100 mm/min, spindle speed 1500 rpm, tool radius 3 mm, depth 1 mm (under the 
manufacturer’s recommendation). 
The same planar pocket is machined using the previous setup and 3 different tool paths: conventional strategies 
zig-zag and contour parallel, and continuous spiral path (Fig. 6). The resulting acceleration and force profiles (Fig. 
6) have related shapes, as the discussion of Section 2 predicted. Where cutting force attains a minimum, the 
acceleration gets a maximum and conversely. 
The mean, maximum acceleration and time of each strategy are shown in Table 2. Low acceleration values are 
related with a constant tool movement. Hence the results point out that zig-zag strategy is more adequate than 
contour and spiral ones (for the selected cutting conditions). Although zig-zag and contour paths maintain the 
cutting width almost constant, contour parallel strategy has corner points with different angles, and this leads to 
high changes in forces and acceleration. 
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Fig. 6. Examples. Tool-paths, acceleration module, and force module. 
Table 2. Test results. 
Path 
Force (N) Acceleration (m/s2) 
Time (s) 
Mean Maximum Mean Maximum 
Zig-zag 33 66 0.3 0.6 575 
Contour 46 66 0.7 1 560 
Spiral 43 65 0.6 0.9 555 
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According to the mean acceleration value, the spiral path is between the conventional strategies. The spiral 
shows high curvature close to the centre of the pocket, which is related with high values of force and acceleration 
(Wang, Jang & Stori, 2005). Curvature and acceleration decrease while the tool goes to the region boundary. Note 
that respect to the cutting time, the best option is a spiral path. 
5. Conclusions 
This work proposes a procedure to compare pocketing tool-paths based on a tri-axial accelerometer. Whereas 
conventional methods currently use expensive dynamometers, which are difficult to incorporate without 
interferences in industrial applications, this method is inexpensive and easy to implement. 
The propose solution gives the acceleration in the x-y plane of a conventional milling machine. The key idea is 
that different paths have different acceleration profiles. The acceleration measures the disturbance force (cutting 
plus friction) that change when discontinuities are presented. 
The implemented system has a tri-axial capacitive sensor, a source free acquisition card programed in C 
language, and a processing step based on a moving average filter implemented in the well-known computational 
software Mathematica. 
Moreover according to the tests, this system provides a profile related to the cutting force one, so that it gives 
similar qualitative information. Performed tests show how to compare at low feed-rate two conventional strategies; 
zig-zag and contour, and a spiral path. According to the acceleration values, the best strategy is a zig-zag path (less 
acceleration). This is the expected result because the zig-zag has an almost constant cutting width. 
Acknowledgements 
The university of Jaén under research grant UJA2011/13/16 supports this work. We thank our student Manuel 
Jiménez Diaz who participated in the system implementation. 
References 
Albrecht, A., Park, S.S., Altintas, Y. & Pritschow, G. 2005, "High frequency bandwidth cutting force measurement in milling using capacitance 
displacement sensors", International Journal of Machine Tools and Manufacture, vol. 45, no. 9, pp. 993-1008. 
Held, M. 1991, On the computational geometry of pocket machining, Springer. 
Heo, E.Y., Merdol, D. & Altintas, Y. 2010, "High speed pocketing strategy", CIRP Journal of Manufacturing Science and Technology, vol. 3, 
no. 1, pp. 1-7. 
Jeong, Y.H. & Cho, D.W. 2002, "Estimating cutting force from rotating and stationary feed motor currents on a milling machine", International 
Journal of Machine Tools and Manufacture, vol. 42, no. 14, pp. 1559-1566. 
Kim, B.H. & Choi, B.K. 2002, "Machining efficiency comparison direction-parallel tool path with contour-parallel tool path", Computer-Aided 
Design, vol. 34, no. 2, pp. 89-95. 
Mokhtar, M., Baharudin, B., Ismail, N. & Leman, Z. 2012, "A Comparison Study on Different Toolpath Strategy in Pocket Milling of AISI 420 
Stainless Steel", Advanced Science Letters, vol. 13, no. 1, pp. 853-857. 
Rai, J.K. & Xirouchakis, P. 2008, "Finite element method based machining simulation environment for analyzing part errors induced during 
milling of thin-walled components", International Journal of Machine Tools and Manufacture, vol. 48, no. 6, pp. 629-643. 
Rauch, M., Duc, E. & Hascoet, J.Y. 2009, "Improving trochoidal tool paths generation and implementation using process constraints 
modelling", International Journal of Machine Tools and Manufacture, vol. 49, no. 5, pp. 375-383. 
Suprock, C.A., Roth, J.T. & Downey, L. 2007, "Real-time failure forecasting for flat, ball-nose, roughing, and tapered endmills using an 
accelerometer", Transactions of NAMRI/SME, vol. 35, pp. 185-192. 
Teti, R., Jemielniak, K., O’Donnell, G. & Dornfeld, D. 2010, "Advanced monitoring of machining operations", CIRP Annals-Manufacturing 
Technology, vol. 59, no. 2, pp. 717-739. 
Toh, C. 2004, "A study of the effects of cutter path strategies and orientations in milling", Journal of Materials Processing Technology, vol. 
152, no. 3, pp. 346-356. 
Wang, H., Jang, P. & Stori, J.A. 2005, "A metric-based approach to two-dimensional (2D) tool-path optimization for high-speed machining", 
Journal of manufacturing science and engineering, vol. 127, no. 1, pp. 33-48. 
 
 
